Biochemical data and genomic analysis indicate the involvement of a putative ABC transporter for glucose transport in Pseudomonas putida CSV86. The periplasmic solute binding proteins are known to confer substrate specificity to the ABC transporters by binding specifically to the substrate and transferring them to their cognate inner membrane transport assembly. Periplasmic glucose binding protein from Pseudomonas putida CSV86 (ppGBP) was found to be glucose specific. The gene encoding ppGBP was cloned. Recombinant ppGBP was overexpressed and purified to homogeneity. The purified recombinant protein showed glucose binding activity of 752 pmol/mg of protein and was crystallized as a complex with glucose. The crystal diffracted to 1.7 Å resolution using home X-ray source. Preliminary analysis of diffraction data showed that the crystals belonged to space group P21212 with unit-cell parameters a = 102.56, b = 119.2, c = 66.65 Å and α = β = γ = 90˚. Matthews coefficient calculation showed the presence of two molecules in the asymmetric unit with solvent content of 45.7%.
Introduction
In all the three kingdoms of life, substrates are transported across the biological membrane through ABC transporters. Solute binding proteins (SBPs) are the periplasmic component of ABC transporters that bind to the substrate with very high affinity and transport it to the transmembrane domain of the transporter [1] [2] . SBPs are often involved in transport and signal transduction in association with membrane proteins [3] . SBPs are bacterial receptors that specifically recognize ligand and serve as intermediary periplasmic receptors for transport (via ABC transport systems). They are also involved in chemotaxis and quorum sensing [4] [5] . The concentration of SBPs in the periplasm (~0.1 -1 mM) is much higher than the membrane transport assembly and extracellular solutes (under most circumstances ≤1 μM) [3] . It is known that the efficiency of solute uptake is mainly due to the high ligand binding affinity (from nM to μM range) of the SBPs [6] .
The functional SBPs are monomeric proteins ranging from 25 -70 kDa in size and are structurally composed of two domains joined by a hinge region, each domain having a core of few β sheets surrounded by α helices. The substrate binding pocket is located in between the two domains [7] [8] . These SBPs are in the open conformation in the absence of the substrate [8] and upon ligand binding the domains come together forming the closed conformation. Ligand induced conformation change in SBP structures is known as the "venus fly trap mechanism" [9] . Based on the differences in the core β-sheet topology, the secondary structure connectivity and the hinge region, SBPs were classified into two groups [10] . Based on structure and sequence alignment, SBPs have been recently divided into six clusters (A to F) [3] . Despite of very low sequence identities among the SBPs, their overall structural fold is similar with a diverse substrate binding pocket. Because of poor sequence identity among SBPs, structure prediction still remains challenging and determination of crystal structure is essential in order to understand the substrate binding mechanism of SBPs from different species.
Sugar transport in bacteria can be mediated both by energy independent membrane permeation as well as by energy dependent accumulation against a concentration barrier [11] . In Pseudomonas, there are two pathways for glucose transport, a low affinity, direct oxidative pathway and a high affinity, phosphorylative pathway [12] . Pseudomonas putida CSV86 (hence onwards referred as CSV86), utilizes glucose only by the intracellular high affinity phosphorylative pathway [12] . The glucose transport system is repressed in presence of aromatics and organic acids and is induced in the presence of glucose [13] [14] . In CSV86, the gene encoding outer membrane glucose porin (OprB) [14] and periplasmic glucose-binding protein (ppGBP) [15] are arranged in an operonic fashion along with the putative genes for inner membrane ABC transporter [16] . For glucose transport systems, the reported glucose binding affinity is as high as 0.08 μM for Thermus thermophilus glucose/galactose binding protein (ttGBP) and 0.92 μM for E. coli glucose/galactose binding protein (ecGBP). The ppGBP also shows high affinity for glucose (K d = 0.3 µM; Modak et al., unpublished) and confers the specificity of glucose transport to this putative ABC sugar transporter. Mechanism of sugar transport in Pseudomonas sp. is not well understood due to lack of biochemical and structural information [17] . Therefore, structural studies of the glucose transport proteins would help in better understanding of the sugar transport systems in Pseudomonas sp. There are more than hundred Protein Data Bank (PDB) entries for solute binding proteins with only few entries for monosaccharide and oligosaccharide binding proteins [3] . No structure is available yet for the periplasmic sugar binding proteins from any Pseudomonas sp. Recently, the structural model of ppGBP was predicted by homology modeling. The predicted structure showed maximum structural similarity to ttGBP despite of having only 27% sequence identity. Residues of ppGBP involved in glucose binding were predicted and importance of some of the predicted residues was shown by site directed mutagenesis [18] . SBPs of sugars such as ecGBP and ttGBP show affinity for both glucose and galactose [3] . But biochemical characterization of both native and recombinant ppGBP suggested it to be a glucose specific protein having only around 15% inhibition of [ 14 C]-glucose binding activity in presence of 100 fold molar excess of unlabelled galactose [15] [18] . Being a C4 epimer of glucose, galactose could not completely or significantly inhibit the [ 14 C]-glucose binding activity of ppGBP. This experimental evidence suggests that the sugar binding pocket in ppGBP is probably not similar to that of ttGBP, ecGBP or other reported dual specific SBPs of sugars. Therefore, structural studies are essential to get an insight into the binding pocket of ppGBP leading to a better understanding of substrate specificity of ppGBP. The structure of ppGBP would also be useful in elucidating the substrate binding mechanism of SBPs in other Pseudomonas sp. In this study ppGBP, a periplasmic component of the glucose ABC transport system in CSV86 has been cloned, overexpressed and purified to homogeneity. The recombinant protein with high glucose binding activity was crystallized as a complex with glucose and the crystals belonging to space group P2 1 2 1 2 dif-fracted to 1.7 Å resolution.
Materials and Methods

Cloning and Expression of ppGBP
The gbp gene lacking periplasmic targeting sequence was PCR-amplified from P. putida CSV86 chromosomal DNA using forward and reverse primers GBP-F (5ʹCCGGAATTCCATATGGCCGACAATCCTGGCACC3ʹ) and GBP-R (5ʹCCGGAATTC CTACCTGGCCGCCTTGATGC3ʹ), respectively. Underlined bases indicate the restriction sites used for cloning. The PCR amplified products digested with NdeI and EcoRI were cloned into pET-28a vector. The recombinant ppGBP construct lacked the signal sequence and had an N-terminal His 6 tag with a thrombin cleavage site. Escherichia coli DH5α cells were transformed with the ppGBP expression construct and grown on Luria-Bertani (LB) broth agar plates containing 30 µg/ml of kanamycin. The positive clones were verified by DNA sequencing. The resulting expression plasmid was transformed into the E. coli BL21(DE3) expression host.
For protein expression, a colony of E. coli BL21(DE3) containing ppGBP expression plasmid was inoculated in 10 ml LB medium containing kanamycin (30 µg/ml) and the culture was grown overnight at 37˚C. After that the culture was transferred to 1 liter LB medium supplemented with 30 µg/ml kanamycin and allowed to grow at 37˚C with shaking until an optical density (OD 600 ) of 1.0 was reached. At that point, overexpression of the recombinant ppGBP was induced with 100 µM isopropyl-d-1-thiogalactopyranoside (IPTG) at 37˚C for four hours. Cells were harvested by centrifugation at 7000 g for 10 min at 4˚C.
Purification of ppGBP
Purification of ppGBP was done at 4˚C. The cell pellet (6.0 g) was resuspended in 30 ml of cold buffer A (10 mM Tris-HCl, pH 7.5 and 1 mM MgCl 2 ). The cells were lysed by ultrasonication with 5 cycles/g wet weight of cells and each cycle comprised of 15 pulses (1 sec on and 1 sec off) at 10 watt output. The cell debris was removed by centrifugation at 30,000 g for 30 min and the supernatant was filtered through 0.45 µM membrane. In the first step of purification, the filtered supernatant was loaded onto a 10 ml Ni-NTA His trap FF column (GE Healthcare) equilibrated with buffer A. After washing the unbound protein, ppGBP was eluted with a 100 ml linear gradient of 0 -250 mM imidazole prepared in buffer A. The eluted protein sample was analyzed on 12% SDS-PAGE and the ppGBP was found to be eluted in the range of 160 -180 mM imidazole. Subsequently, ppGBP containing fractions were pooled and concentrated. The protein was loaded onto a 120 ml Superdex 200 16/60 gel filtration column (GE Healthcare) equilibrated with buffer A. Protein was eluted at a flow rate of 0.3 ml/min and 1.0 ml fractions were collected. The fractions containing pure ppGBP were pooled and concentrated to 20 mg/ml by centrifugal ultrafiltration unit with 10 kDa molecular weight cutoff membrane. The concentration of the protein was measured using Bradford's method [19] . The purity of ppGBP after gel filtration column was analyzed on 12% SDS-PAGE [20] .
[ 14 C]-Glucose Binding Assay of ppGBP
[
14 C]-Glucose binding activity was measured using the method as described earlier [15] [18] [21] . Binding mixture (1 ml) contained protein (crude extract: 100 µg, affinity chromatography purified ppGBP: 2.5 µg, gel filtration purified ppGBP: 2.5 µg, respectively) and [ 14 C]-glucose (500 nM, sp. act. 140 mCi/mmol) in binding buffer (10 mM Tris-HCl, 1 mM MgCl 2 , pH 7.5). Mixture was incubated for 5 min at 30˚C and rapidly filtered through pre-moistened PVDF membranes (0.45 μM, Pall Life Sciences). Filters were washed twice with binding buffer, air-dried overnight at 30˚C, mixed vigorously in 2 ml scintillation cocktail [PPO (0.4%) and POPOP (0.025%) in toluene (scintillation grade)] and radioactivity was measured using liquid scintillation counter (Rackbeta LKB1209). Binding activity was expressed as pmoles of [ 14 C]-glucose bound per mg of protein ( Table 1) . Binding reaction mixture without protein was used as control and the values were subtracted from the experimental [
14 C]-glucose binding values.
Circular Dichroism Spectroscopy
Far-UV CD spectra of recombinant ppGBP and native ppGBP in the binding buffer were recorded between 198 and 260 nM at 25˚C in a 0.1 cm path length quartz cuvette (volume 200 µl; Hellma GmBH & Co., KG, Müll-heim, Germany) using a JASCO J-810 Peltier spectropolarimeter (Jasco, Gross-Umstadt, Germany). The parameters were: response, 2 s; sensitivity, 100 millidegrees; speed, 100 nM/min; average of three scans. Raw data was processed by smoothing and subtraction of spectra obtained using binding buffer alone. Ellipticity values (millidegrees) were recorded as a function of wavelength.
Crystallization of ppGBP
Pure ppGBP after gel filtration was concentrated up to 20 mg/ml and used for crystallization. Before setting crystallization trials, protein was incubated with 5 molar excess of glucose on ice for 30 min to prepare ppGBPglucose complex. Crystallization screening of ppGBP-glucose complex was done using hanging drop vapor diffusion method at 295 K. Commercial screen solutions from Qiagen (PEGs Suite and JCSG Core I Suite) and Molecular Dimensions (JCSG plus Screen) were used for crystallization trials. Initial crystallization screens were setup by mixing 1 µl of protein with 1 µl of reservoir solution and equilibrating the crystllization drops against 300 µl of reservoir solution. After a month of incubation of the crystallization trays, the first crystal of ppGBP-glucose complex was observed in condition no. 90 of JCSG Core I Suite consisting of 0.1 M phosphate buffer pH 4.2 and 2 M ammonium sulphate. The crystallization condition was further optimized and the best crystals appeared after two days in a condition having 0.1 M phosphate buffer pH 4.6 and 2 M ammonium sulphate and they grew to a size of 0.4 × 0.2 × 0.2 mm after a week of incubation at 295 K.
X-Ray Diffraction Data Collection and Processing
One of the glucose bound ppGBP crystals grown in 0.1 M phosphate buffer pH 4.6 and 2 M ammonium sulphate was cryoprotected using the same reservoir solution also containing 30% glycerol and used for X-ray diffraction data collection. The crystal was briefly transferred to the cryoprotectant solution and then was flash-cooled in the liquid nitrogen-gas stream at 100 K. Diffraction data were collected at Advanced Centre for Treatment, Research and Education in Cancer (ACTREC, Navi Mumbai, India) using a Bruker MICROSTAR copper rotating anode X-ray generator equipped with a MAR345 image-plate detector. The diffraction data was collected using 1.5418 Å wavelength X-ray by rotating the crystal 0.5˚ per image with an exposure time of 2 min and 120 mm crystal to detector distance. The diffraction images were indexed and integrated using the programs XDS [22] . The intensities were converted to structure factors with the program modules F2MTZ and CAD of CCP4 [23] .
The data collection and processing statistics are presented in Table 2 .
Results and Discussion
The gene encoding ppGBP protein of CSV86 was cloned into pET-28a vector. The coding regions of cloned gbp gene lacked periplasmic signal sequence. The expressed ppGBP is a 419 amino acids containing polypeptide with N-terminal His 6 tag with a thrombin cleavage site and has 45 kDa theoretical molecular weight. Recombinant ppGBP was overexpressed in E. coli and purified to homogeneity using affinity followed by size-exclusion chromatography. SDS-PAGE analysis (Figure 1 ) of purified ppGBP sample showed a single band with molecular weight of around 45 kDa. The protein sample also eluted as a monomer from the gel filtration column. The glucose binding activity of the highly pure protein was found to be 752 pmol/mg of the protein measured by [ 14 C]-glucose binding assay ( Table 1) . Similar glucose binding activity was also reported for the native ppGBP [18] . The CD spectra of the recombinant ppGBP were also found to be similar to the native ppGBP having the signal sequence (Figure 2) . Glucose binding activity and CD spectra of recombinant ppGBP indicates that the protein is similar to completely folded native ppGBP and functional without signal sequence. Several crystallization screens of ppGBP-glucose complex were set up using commercially available crystallization solutions. After optimization of pH of the initial hit, rod shaped big crystals (Figure 3) were seen within two days in a condition consisting of 0.1 M phosphate buffer pH 4.6 and 2 M ammonium sulphate. Cryoprotectants were screened and 30% glycerol containing mother liquor was suitable for freezing the crystals. A single ppGBP crystal was used for diffraction data collection and the crystal diffracted to a resolution of 1.7 Å (Figure  4 ) using home X-ray source. The data were indexed, and scaled using XDS program [22] . Analysis of systematic absences of the diffraction data indicated that the crystal belonged to orthorhombic P2 1 2 1 2 space group with unit cell parameters a = 102.56, b = 119.2, c = 66.65 Å and α = β = γ = 90˚. The data collection and processing statistics are presented in Table 2 . Calculated Mathews coefficient (V M ) value of 2.26 Å 3 •Da −1 [24] suggested presence of two protein molecules in the asymmetric unit of ppGBP crystals containing 45.7% solvent. Structure of ttGBP (PDB ID = 2B3B) has the highest sequence identity (27.0%) with the ppGBP and will be used as a template for obtaining initial phases by molecular replacement. Structure of ppGBP along with mutagenesis data will help us in understanding the structural basis of sugar specificity of this protein in P. putida CSV86 and solute binding proteins in other Pseudomonas sp. . Diffraction pattern obtained from glucose bound ppGBP crystal using home X-ray source at ACTREC, Navi Mumbai, India. The crystal diffracted to a high-resolution limit of 1.7 Å (inset).
